Patient derived xenograft (PDX) is defined as a growth of patients' tumor in the xenograft setting. The evolution of cancer model in animal has a century old history. The most single reason that exerted the pressure on the traditional animal model of cancer to evolve to PDX is that the traditional models have not delivered as expected and traditional models have not predicted clinical success. In spite of well above 50 drugs developed and approved for oncology over the last several decades, there remains a nirking paucity of clinical success as a reminder that this war on cancer riding on the animal model is far from won. In a backbreaking attempt to analyze the failure, the limitation of the "model" system appeared to be the most rational cause of this shortcoming. It was more of a failure to test a drug rather than a failure to make a drug that stunted our collective growth and success in cancer research. PDX is the product of this age-old failure and its fitness is currently tested in virtually all organ-type solid tumors. This review will present and appraise PDX model in the context of its evolution, its future promise, its limitations and more specifically, the current content of PDX in different solid tumors including breast, lung, colorectal, prostrate, GBM, pancreatic, hepatocellular carcinoma and melanoma.
Introduction
After more than forty years of the National Cancer Act of 1971, the nation's declaration of the "War on Cancer", today, two-thirds of patients survived at least five years after being diagnosed with cancer compared with just half of all diagnosed patients surviving five years after diagnosis in 1975 [1] . The bill fueled major investments in cancer research and led to significant increases in cancer survival. The last decade achieved significant progress in cancer understanding and therapy as the cardinal genetic drivers of individual tumors can be identified, and different tailor drugs have evolved to specifically intercept these driver mutations/pathways [2] . The emphasis in cancer drug development in the course of last few decades has shifted from cytotoxic, non-specific chemotherapies to molecularly targeted, rationally designed drugs promising greater efficacy and fewer side effects [3] . Clearly, personalized oncology, an evidence-based and individualized medicine that delivers the right care to the right cancer patient at the right time, is the precious outcome of the effort of the last 50 years [4] .
Why We Need "the Tumor Copycat" in Mouse?
In spite of significant resource expended on cancer research over the last half century, the contribution of newly developed therapeutics to cure the disease or to improve patient survival has been limited [3] . The major contributors in the improvements to overall survival have been either technological (genetic testing e.g., characterizing BRCA1 and BRCA2 mutations; biomarker detection e.g., PSA; Tissue monitoring e.g., colonoscopy or mammography) or medical awareness (incidence of smoking] which immensely improved survival/reduced deaths through early detection of the disease, reduced prevalence or increased the prevention of the respective dis-eases. In contrast, only a handful of options have been made open for the treatment in solid tumors in addition to age-old treatment with untargeted chemotherapeutic drugs, surgical resection and radiotherapy as primary and often secondary courses of action in the course of last 30 years [5] . There are two major reasons for this failure. The first one is in the built-in nature and the origin of the disease, the tumor heterogeneity. The accumulated wealth of information during the last decades in the field of molecular markers, gene expression profiling, and the more recent implementation of next-generation DNA sequencing technologies have helped disclose a broader spectrum of heterogeneity among patients presenting different tumors [6] [7] [8] [9] [10] [11] . To the tumor heterogeneity added more complexity is the paradigm of the cancer stem cell [12] [13] [14] . The second one is the limitation to have the perfect model for the experiment. Traditional models those evolved with the advent of genetically engineered mice (GEM) or xenograft using athymic mice appears as not fit for the survival as they have failed to predict clinical success [5] . More than 68 drugs have been developed and approved for oncology over the last several decades [15] . Based on the data from the US Food and Drug Administration (FDA), company surveys, and publicly available commercial business intelligence databases on new oncology drugs approved in the United States and on investigational oncology drugs to estimate average development and regulatory approval times, clinical approval success rates, first-in-class status, and global market diffusion, DiMasi and Grabowski have determined that the market success of oncology drugs has induced a substantial amount of investment in oncology drug development in the last decade [15] . The major road block therefore in developing cancer targeted therapies is not the lack of knowledge about specific molecular drivers in these diseases, but is the inability to test the targetbased drugs in predictable preclinical models. Even a collective effort of the scientific community failed to mend the gap between bench and bedside due to a lack of preclinical models capable of reliably predicting clinical activity of novel compounds in cancer patients [16] . This explains why only 5% of cancer therapies targeted to specific molecular drivers tested in the clinic proved efficacious [17] , indicating an unmet need for marked improvement in predictive preclinical research. In an old study to assess trends in the process of global commercial development of cancer treatments, Reichert JM, and Wenger JB analyzed data for 1111 candidates that entered clinical study during 1990-2006. Their results show that although the average number of therapeutic candidates entering clinical study per year more than doubled, the US approval success rate was as low as 8% during the period [18] . The paucity of success stories in clinics as therapies fail far too many patients remains as a fact; the lesson learned from the use of far-from-perfect and proven to be a clinically irrelevant model [19] . From the failures or limitations of these xenograft or GEM models evolved patient derived xenograft (PDX; patient-derived xenografts; tumor graft models ), "the tumor copycat" in mouse, a 21 st century preclinical model [5, [19] [20] [21] [22] with a promise to deliver clinically relevant data. PDX models are generated using freshly resected patient tumors immediately transplanted into immunecompromised murine hosts without an intermediate in vitro culture step [5] . Continuous passages of tumors through consecutive generations of murine hosts without in vitro cell culture permits ongoing propagation of tumor lines (Figure 1) . The establishment of tumorgrafts constitutes a long-term process consisting of various steps, with the final objective to show that the validated model accurately reproduces human cancer, with a high predictive value of therapeutic efficacy (regardless of the type of treatment), and closely mimics clinical situations frequently observed in patients with cancer, such as resistance to standard treatments, metastases, and relapse after initial therapies (involving residual tumor-initiating cells) [23] . Currently subcutaneous (hindquarters) or in the mammary fat pad are more common primary xenografts sites. Transplanting under the kidney capsule or orthotopically is also practiced as the latter of which may better replicate the tumor microenvironment than subcutaneous models [5] . Growth of PDX tumors faithfully maintain, [1] the cellular complexity and architecture of the original tumor in its natural state complete with invading vasculature and supporting stromal cells and [2] the chromosomal, transcriptomic, genomic and proteomic architectural landscape of the original tumor [24] . In an older study using 5 human malignant tumors, transplanted to athymic nude mice, effect of long-term serial transplantation were studied by comparing their growth patterns and chromosomal constitutions with their early appearance. After 27 -56 passages over 3 1/2 to 5 1/2 years, all of the tumors (2 adenocarcinomas of the colon, 2 malignant melanomas, and 1 Burkitt's lymphoma) were found to retained the cytological and histological appearance. All the mitoses observed in the chromosome studies were of human karyotype. No total chromosomal species shift, no interspecies hybridization, and no changes in biological properties were observed [25] . A number of tumor-specific PDX models have been established in melanoma, breast, pancreatic, ovarian, lung, colorectal, and brain-derived tumors those exhibit biological stability when passaged in mice in terms of global gene-expression patterns, molecular diversity, cellular heterogeneity, mutational status, metastatic potential, chemoresponsiveness to anti-neoplastic agents, histopathology, and tumor architecture [16, 26] . Mathew Ellis group has characterized patient-derived xenografts (PDXs) for functional studies to demonstrate that the originating tumor genome provides a benchmark for assessing genetic drift and clonal representation after transplantation. They published whole-genome comparisons with originating breast cancers representating major intrinsic subtypes. They observed that structural and copy number aberrations were retained with high fidelitywhile, at the single-nucleotide level, variable numbers of PDX-specific somatic events were documented, although they were only rarely functionally significant. It is reported that variant allele frequencies were often preserved in the PDXs, demonstrating that clonal representation can be transplantable. Estrogen-receptor-positive PDXs were associated with ESR1 ligand-binding-domain mutations, gene amplification, or an ESR1/YAP1 translocation. These events produced different endocrine-therapy-response phenotypes in human, cell line, and PDX endocrine-response studies. Their study concluded that deeply sequenced PDX models are an important resource for the search for genome-forward treatment options and capture endocrine-drug-resistance etiologies that are not found in standard cell lines [27] . The success of PDX model in future will depend on its ability to reflect human disease in the experimental settings. Outcome driven predictive preclinical research in future expects PDX to model cancer as closely as possible so that the evolution of this gene-based disease in human can be forecasted in the laboratory. Considering the complex nature of the evolution of cancer with respect to its diverse molecular etiologies, it can be argued that morepredictably we mimic the disease in experimental settings before it happens in a patient's body, more chance we have to clinically encounter it. Today's medicine in oncology is essentially genomically informed science towards selection of targeted therapies to treat individual patients, precision cancer medicine [28] . The preclinical component of the precision medicine demands right model to test targeted drugs directed towards genomically informed pathways, and is banking heavily on PDX.
Evolution to PDX
The proof of concept that it is possible to successfully xenograft fragments of a patient's tumor into nude mice way back in 1969, paved the path to find to answer a number of questions regarding the cause, prevention, drug-screening, and targeted therapy in cancer [29] . Direct transfer xenografts of tumor surgical specimens conserve the inter-individual diversity and the genetic heterogeneity typical of the tumors of origin, and yet give a unique and flexible opportunity for drug-combination for the preclinical analysis with a high extrapolative value in clinics [30] . Although the challenges like limited availability of the tumor source and technical difficulties were encountered, human tumor models established in serial passages proved their superiority in predicting drug-response as well as predicting drug-resistance in clinics.
Despite of technical and procedural difficulties, the use of PDX as a tool has evolved greatly from testing a more broader aspect of untargeted chemotherapeutic drugresponse to addressing specific and focused challenges including a development of endocrine resistance in ER+ (estrogen receptors) subset of breast cancer (BC). As an example, Kabosetal. in their study have recently described patient-derived ER+ luminal breast tumor models for the study of intra-tumor hormone and receptor action to evoke the importance of mapping both conserved and tumor-unique ER programs in breast cancers [31] . Their study highlights the importance of modeling in widely diverse patient-derived ER+ breast cancers in vivo to advance our understanding towards improving the treatment of this disease. The outcome of their study demonstrates that patient-derived ER+ tumor xenografts display estrogen-dependent growth and have unique ER transcriptomes showing that although multiple other factors such as genetic and epigenetic signatures, and co-regulator expression patterns, collectively influence tumor behavior, ER remains the common denominator driving tumor growth and survival, at least initially. Since ER is retained in most drug-resistant tumors, their study pointed out the importance of determining the "switch" in activated/deactivated genes and signaling networks under treatment pressure in individual tumors as the cornerstone to overcome persistent ER+ breast disease. Patient-derived xenografts thus provided a unique opportunity to dissect the contributions of steroid hormones and their receptors in the context of development of resistance in this subset of breast cancer. Using patient-derived xenografts from metastatic colorectal carcinomas which reliably mimicked disease response in humans, prospectively
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recapitulated biomarker-based case stratification, and identified HER2 as a predictor of resistance to anti-epidermal growth factor receptor antibodies Bertotti et al., studied the response to combination therapies against HER2 and epidermal growth factor receptor. This proofof-concept, multi-arm study in HER2-amplified "xenopatients" revealed that the combined inhibition of HER2 and EGFR induced overt, long-lasting tumor regression and suggested a promising therapeutic opportunity in cetuximab-resistant patients with metastatic colorectal cancer [30] . Another example of a recent development in the oncology research is the use of PDX models as a renewable tissue resource of phenotypically stable, biologically and ethnically diverse breast cancers which serve as a renewable, quality-controlled tissue resource for preclinical studies investigating treatment response and metastasis [32] . PDX would more accurately recapitulate the phase I/II or phase III clinical trial situation in which treatment is initiated on patients with advanced, high-volume metastatic disease [33] . Recently, Li et al. showed that the analysis of genetic changes in patient-derived xenografts can reveal crucial details of tumor evolution, including the emergence of functional estrogen receptor mutations in endocrine-resistant breast cancer [34] .
PDX as Model for Drug Discovery in Different Organ Sites Solid Tumors
The preservation of the patient's tumor genomic profile and tumor microenvironment in PDX gives the opportunity to use primary patient tumorgrafts as a relevant model to support the translation of new drug-based therapeutic strategies in oncology [35] . PDXs maintain at least certain aspects of the human microenvironment for initial weeks with the complete substitution with host (murine) stroma occurring after 2 -3 passages in mouse. Hence this model provided more appropriate window for studies of tumor-microenvironment interaction [36] . This is an unique property of PDX model which provides a rare insight to patients' tumor-stromal interactions (at least under controlled conditions that can be exploited for drug discovery). In the following sections, an overview of the state of art of the use of PDX models as main experimental platforms to understand the biology of tumor cells, their response to drugs, and their mechanism of resistance to drugs will be presented in the context of different solid tumors.
PDX in Breast Cancer
As early as 2007, study by Marangoni et In the subsequent years a number of studies using PDX model opened different avenues in different subtypes of breast cancer. Report by de Plater's group described establishment and characterization of a breast cancer xenograft obtained from a woman carrying a germline BRCA2 mutation [38] . A transplantable xenograft was obtained by grafting the sample into nude mice and the biological and genetic profiles of the xenograft were compared with that of the patient's tumor in terms of histology, immunohistochemistry (IHC), BRCA2 sequencing, comparative genomic hybridisation (CGH), and qRT-PCR. Tumor responses to standard chemotherapies including sensitivity to anthracyclin-based chemotherapy, radiotherapy and cisplatin-based treatments as well as resistance to docetaxel were also evaluated. Since PDX preserves the genomic landscape of the tumor, the aggressive triple negative breast tumors were more frequently modeled in PDX compared to the other subtypes of breast cancer. Romanelli et al., used PDX model to demonstrate that inhibition of aurora kinases reduces tumor growth and suppresses tumor recurrence after chemotherapy in triple negative breast cancer [39] . Although statistically more PDX models were established in the triple negative subsets of breast cancers, the retention of hormone receptor heterogeneity has been reported in luminal PDX [31] . In this study, five transplantable patient-derived ER+ breast cancer xenografts established from tumors derived from both primary and metastatic cases were assessed for estrogen dependency, steroid receptor expression, cancer stem cell content, and endocrine therapy response. Gene expression patterns were determined in select tumors ± estrogen and ±endocrine therapy. Xenografts morphologically resembled the patient tumors of origin, and expressed similar levels of ER (5% -99%), and progesterone and androgen receptors, over multiple passages. Analysis of the ER transcriptome in select tumors revealed notable differences in ER mechanism of action, and downstream activated signaling networks, in addition to identifying a small set of common estrogen-regulated genes. These results evoked the importance of mapping both conserved and tumor-unique ER programs in breast cancers and helped to define unique estrogen-dependent gene signatures. In another study, response to hormone therapy was evaluated in 6 luminal PDX models. was demonstrated that less than 5% of genes had recurrent variations between patient tumors and their respective xenografts; these genes largely corresponded to human stromal compartment genes. Different passages of the same tumor showed that sequential mouse-to-mouse tumor grafts did not affect genomic rearrangements or gene expression profiles, suggesting genetic stability of these models over time [24] . Based on these studies and others [41] , patient-derived tumors were used to assess efficacy of GDC-0941 (pan PI3K inhibitor developed by Genentech Inc., CA) and docetaxel in vivo to show that GDC-0941 augments the efficacy of docetaxel by increasing drug-induced apoptosis in breast cancer models [42] . Breast cancer like other solid tumors possesses a rare population of cells capable of extensive self-renewal that contributes to metastasis and treatment resistance. PDX model has been used to test the contribution of cancer stem cells. Three primary human breast cancer xenografts generated from 3 different patients. This study by Ginestier et al., demonstrated that CXCR1 blockade selectively targets human breast cancer stem cells in vitro and in xenografts and suggested that combination therapy using conventional chemotherapy and drugs against cancer stem cells specific targets can lead to better therapeutic results, both in terms of tumor growth as well as in terms of tumor relapse [43] .
PDX in Lung Cancer
PDX models of non small cell lung cancer (NSCLC), established following direct implants of lung cancer tissue fragments in immune-compromised mice has been used for targeted therapies and new drug development [36] . In non-small cell lung cancer, the ability to form primary tumor xenografts is itself demonstrated to have a predictive value of increased risk of disease recurrence in earlystage. Thus, there is a correlation between the ability of the tumor to form PDXs and the risk of disease recurrence in early stage. In this study, xenografts were established and passaged successfully from 63 of 157 (40%) implanted tumor fragments from non-small cell lung cancer patients undergoing curative surgery into NOD-SCID (nonobese diabetic-severely combined immunodeficient) mice [44] . Tumor factors associated with engraftment included squamous histology, poor differentiation, and larger tumor size. Interestingly, there was a correlation between the success of PDX model establishment and mutation status of the tumor. Significantly fewer EGFR (epidermal growth factor receptor)-mutated tumors were engrafted (P = 0.03) than KRAS-mutated tumors (P = 0.05). In an earlier study, similar results have been obtained in early passages of the non-small cell lung cancer xenografts which revealed a high degree of similarity with the original clinical tumor sample with regard to histology, immunohistochemistry, as well as mutation status [45] . Even the chemotherapeutic responsiveness of the xenografts resembled the clinical responses as the shrinkage of tumor was obtained with paclitaxel (4 of 25), gemcitabine (3 of 25), and carboplatin (3 of 25) with a lower effectiveness of etoposide (1 of 25) and vinorelbine (0 of 11). Although, the response to the anti-EGFR therapies did not correlate with mutations in the EGFR or p53, but there appeared a correlation of K-Ras mutations and erlotinib resistance. In a recent study, PDX models were established based on first generation non-small cell lung cancer subrenal capsule xenografts, which provided suitable platform for quick assessment (6 -8 weeks) of the chemosensitivity of patients' cancers and selection of the most effective regimens [46] . In this study, xenografts were established at a very high engraftment rate (90%) with the retention of major biological characteristics of the original cancers. PDX provided a model to test the drug sensitiveness in human tumor-stromal settings. Thus it provided a tool to find out the drug resistance cells with tumor whose contribution can be extrapolated in terms of tumor recurrence as it frequently occurs in patients after partial or even complete response. This is important in the context of the cancer stem cell hypothesis of the presence of small subpopulations of tumor initiating cells within the tumor which is proposed to explain tumor heterogeneity and the carcinogenesis process, pre and post drug treatment. In fact, in a study by Krumbach et al., primary resistance to cetuximab in a panel of patient-derived tumourxenograft models was observed via activation of MET(receptor for hepatocyte growth factor) as one mechanism for drug resistance indicating that at the preclinical level, a combined treatments of a MET inhibitor and cetuximabare additive [47] . The study was undertaken with the background fact that despite wide expression of EGFR, only a subgroup of cancer patients responds to cetuximab therapy. They assessed the cetuximab response in vivo of 79 human patient-derived xenografts originating from five tumour histotypes. A cetuximab response score including positive and negative factors affecting therapeutic response is proposed in the study. In cetuximab resistant non small cell lung adenocarcinoma, overexpression due to gene amplification and strong activation of MET was identified. Recently, ten passable patient-derived non small cell lung carcinoma xenograft models were established containing a variety of genetic aberrations including EGFR activating mutation, KRAS mutation, and FGFR1 and cMET amplification [48] . Anti-tumor efficacy of gefitinib in this study demonstrated that the EGFR activating mutation model had superior sensitivity and that the KRAS mutation models were resistant to gefitinib, which were consistent with the results reported from clinical trials. Also, models with FGFR1 gene amplification were found insensitive to gefitinib treatment. In the case of overcoming resistance, report by Yang et al., demonstrated a novel practical approaches to overcome the two most common resistances to EGFR-TKIs seen in the clinic using marketed target therapies with the help of PDX model [49] . A tailored treatment regimen was tested using patient-derived xenografts from naïve Asian non small cell lung cancer patients including those containing "classic" EGFR activateing mutations towards overcoming erlotinib resistance. Using different combination of drugs and their response rate in the PDX model the study was able to identify the main drivers of resistance in patients.
PDX in Colorectal Cancer
A step forward towards personalized (evidence-based) medicine for patients with colorectal cancer (CRC) was achieved following the work of Bertotti et al., who reported a molecularly annotated platform of PDX ("xenopatients") which identified HER2 as an effective therapeutic target in cetuximab-resistant colorectal cancer [50] . It is known that only a fraction of patients with metastatic colorectal cancer receive clinical benefit from therapy with anti-epidermal growth factor receptor (EGFR) antibodies, indicating the urgent need to identify novel biomarkers for better personalized medicine. Bertotti et al., produced xenograft cohorts from 85 patient-derived, genetically characterized metastatic colorectal cancer samples ("xenopatients") to identify novel determinants of therapeutic response and new oncoprotein targets. Serially passaged tumors retained the morphologic and genomic features of their original counterparts. Xenopatients responded to the anti-EGFR antibody cetuximab with rates and extents analogous to those observed in the clinic which were prospectively stratified as responders or nonresponders on the basis of several predictive biomarkers. Genotype-response correlations indicated HER2 amplification specifically in a subset of cetuximab-resistant, KRAS/NRAS/BRAF/PIK3CA wild-type cases. Importantly, HER2 amplification was also enriched in clinically nonresponsive KRAS wild-type patients. Their study indicated that PDX models could be utilized successfully to determine the biomarkers in the drug-resistance conditions with different genetic backgrounds. Julien et al., comprehensively characterized a large panel of patientderived tumor xenografts representing the clinical heterogeneity of human colorectal cancer [51] showing that their collection recapitulates the clinical situation about the histopathology and molecular diversity of CRC. It was observed that patient tumors and corresponding models are clustering together allowing comparison studies between clinical and preclinical data. Based on this result, they also conducted pharmacologic mono-therapy studies with standard of care for CRC (5-fluorouracil, oxaliplatin, irinotecan, and cetuximab). Through an experimental cetuximab phase II trial, we confirmed the key role of KRAS mutation in cetuximab resistance. They reported the loss of human stromal cells after engraftment, observed a metastatic phenotype in some models, and finally compared the molecular profile with the drug sensitivity of each tumor model. In colorectal cancer, PDX model has also been used to report a suppression of the growth of tumors by an adenovector expressing small hairpin RNA targeting Bcl-XL [52] . The result showed that Ad/Bcl-XL shRNA with or without 5-Fu has effective anti-tumor effects on the patient tumor-derived rectal cancer xenografts.
PDX in Prostate Cancer
Toivanen et al., reviewed the current status of xenografting human primary prostate cancer, and their potential application to translational research [53] . Earlier, patient-derived intra-femoral xenograft model of bone metastatic prostate cancer that recapitulates mixed osteolytic and osteoblastic lesions has been reported by Raheem et al., [54] . In their study, xenograft tumors were developed from a femoral bone metastasis of prostate cancer (removed during hemiarthroplastywhich was transplanted into Rag2(-/-); γc(-/-) mice either intra-femorally or sub cutaneously) were analyzed and validated for prostate cancer biomarker expression. Similarly, Aparicio et al., reported derivatization of neuroendocrine prostate cancer xenografts with large-cell and small-cell features from a single patient's tumor [55] .In another study, an androgen-dependent prostate cancer xenograft model was derived from a metastatic skin lesion of a Japanese hormonerefractory prostate cancer (HRPC) patient with poorly differentiated prostatic adenocarcinoma. The model expressed wild-type AR and PSA and showed androgen dependence [56] . PDX model had been proved useful for the development of new therapies for androgen ablation-resistant prostate cancers. Previously, Yosida et al.,
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established a serially transplantable human prostate cancer xenograft model from liver metastatic tissue of a patient treated with antiandrogen bicalutamide which expressed the AR with a point mutation at amino acid 741 (tryptophan to cysteine; W741C) in the ligand-binding domain [57] . This mutation was also present in cancerous tissue used for generation of xenograft. Data showed that agonistic effect of bicalutamide to a xenograft with clinically induced AR mutation. Although the growth of KUCaP in male mice was androgen dependent, bicalutamide aberrantly promoted the growth and prostatespecific antigen production of KUCaP. Thus the bicalutamide-responsive mutant AR may serve in the development of new therapies for androgen ablation-resistant prostate cancers. PDX model provided experimental model to test the effect of kava root extract (Piper methysticum Forst is a perennial plant indigenous to the Pacific Islands) and flavokawain B on the tumor growth. The kava root extract and flavokawain B reduced tumor growth, AR expression in tumor tissues and levels of serum PSA in the patient-derived prostate cancer xenograft models suggesting a potential usefulness of a safe kava product or its active components for prevention and treatment of advanced prostate cancer by targeting AR [58] .
PDX in GBM
Recently, high-resolution mutational profiling suggested the genetic validity of glioblastoma patient-derived preclinical models. In a comprehensive study, Yost et al., identified somatic coding mutations and copy number aberrations in four glioblastoma (GBM) primary tumors and their matched pre-clinical models: serum-free neurospheres, adherent cell cultures, and mouse xenografts. Their analysis identified known GBM mutations altering PTEN and TP53 genes, and new actionable mutations such as the loss of PIK3R1, and revealed clear patientto-patient differences. They observed approximately 96% primary-to-model concordance in copy number calls in the high-cellularity samples [59] . Jarzabek et al., had shown that a xenograft model based on serial xenotransplantation of human biopsy spheroids in immune-deficient rodents maintains the genotype and phenotype of the original patient tumor [60] . Based on their study they later reported an in vivo bioluminescence imaging validation of a human biopsy-derived orthotopic mouse model of glioblastomamultiforme. PDX model has been utilized to identify the role of Wnt/β-catenin signaling as a key downstream effector of MET signaling and contributor of GBM malignancy and the maintenance of glioblastoma stem cells [61] . Kim et al., have identified Wnt/β-catenin signaling pathway as one of the pathways that is enriched in MET(high/+) cells populations compared with bulk tumor cells in the established a series of GSCs and xenograft tumors derived from freshly dissociated specimens from patients with GBM.
PDX in Hepatocellular Carcinoma
Xenografts of human hepatocellular carcinoma SCID mice have been reported by Tran's group [62] and by other groups [63] . These established patient-derived hepatocellular carcinoma xenografts were extensively used in later years for the testing of different drugs including AZD6244 (MEK Inhibitor), RAD001 (everolimus), Sunitinib (a potent inhibitor of two receptors involved in angiogenesis-vascular endothelial growth factor receptor and platelet-derived growth factor receptor PDGFR), and Brivanibalaninate (a dual inhibitor of vascular endothelial growth factor receptor and fibroblast growth factor receptor tyrosine kinases) at the preclinical setting [64] [65] [66] [67] . Huynh et al., treated patient-derived HCC xenografts with 1) Sorafenib (a small molecule inhibitor of several receptor tyrosine kinases including VEGFR, PDGFR, c-Kit and RAF-kinase), 2) AZD6244 (ARRY-142886), and 3) Sorafenib plus AZD6244. The study showed that the pharmacological inhibition of the MEK/ ERK pathway by AZD6244 enhanced the anti-tumor effect of Sorafenib in both orthotopic and ectopic models of hepatocellular carcinoma underscoring the potential of a combined therapeutic approach with Sorafenib and MEK inhibitors in the treatment of hepatocellular carcinoma [64] .
PDX in Melanoma
As FDG-PET/CT. Their result allowed successful rechallenge with Vemurafenib in a patient who was administered a lower dose of Vemurafenib because of the onset of adverse events. Authors claimed that their study found that PDX provides "real-time" results in an animal that phenocopies the biology and expected Vemurafenib responses of the tumor in a patient with BRAF V600E melanoma and this "coclinical" trial using PDX appears to guide Vemurafenib treatment for metastatic melanoma. PDX has been also established in uveal melanoma. The uveal melanoma xenografts in immunodeficient mice have been reported to accurately recapitulate the genetic features of primary human uveal melanoma and they exhibited genetic stability over the course of their in vivo maintenance [71] . These models constitute valuable preclinical tool for drug screening in uveal melanoma. Establishment and characterization of a panel of human uveal melanoma xenografts derived from metastatic tumors has also been reported [72] . It has been observed that the establishment rate of human uveal melanoma in their study was 28% (25 of 90) which was independent of size, histologic parameters, or chromosome 3 monoomy but was significantly higher in metastatic tumors as compared to the primary tumors. In vivo tumor growth was found prognostic for a lower metastasis-free survival in patients with primary tumors. There was a high concordance between the patients' tumors and their corresponding xenografts for all parameters tested (histology, genetic profile, and tumor antigen expression). Interestingly, the four xenografts studied displayed different response profiles to chemotherapeutic agents.
PDX in Pancreatic Cancer
Recently, PDX model has been used to isolate and culture rare cancer stem cells CSC) from pancreatic ductal adenocarcinoma [73] . Pancreatic tumor cells from patient-derived xenografts were screened for the presence of surface markers of pancreatic CSCs, CD24, CD44, and CD326. Following cell isolation and culture, 35% of sorted human xenograft cells formed tumor spheroids retaining high expression levels of CD24, CD44, and CD326. In another study, the efficacy of inhibition of EGFR/HER2 receptors and the downstream KRAS effector, mitogen-activated protein kinase/extracellularsignal regulated kinase (ERK) kinase 1 and 2 (MEK1/2), on pancreatic cancer proliferation was tested following a combination of MEK inhibitor trametinib and lapatinib using pancreatic PDX model [74] . An inhibition of the growth of patient-derived pancreatic cancer xenografts with the MEK inhibitor trametinib is shown to be augmented by combined treatment with the epidermal growth factor receptor/HER2 inhibitor lapatinib. Data indicated that inhibition of the EGFR family receptor signaling may contribute to the effectiveness of MEK1/2 inhibition of tumor growth possibly through the inhibition of feedback activation of receptor tyrosine kinases in response to inhibition of the RAS-RAF-MEK-ERK pathway. In an earlier study, Rajeshkumar et al., reported a collection of freshly generated patient-derived pancreatic ductal adenocarcinoma xenografts were used to test the effect of gemcitabine, the first-line chemotherapeutic agent for pancreatic ductal adenocarcinoma, which initially proved effective in reducing tumor size. However gemcitabine was largely ineffective in diminishing the CSC populations, and eventually culminated in tumor relapse. Since death receptor 5 (DR5) was found to be enriched in pancreatic CSCs compared with the bulk of the tumor cells, a combination of tigatuzumab, a fully humanized DR5 agonist monoclonal antibody, with gemcitabine was more efficacious by providing a double hit to kill both CSCs and bulk tumor cells. This combination therapy produced remarkable reduction in pancreatic CSCs, tumor remissions, and significant improvements in time to tumor progression in a model that is considered more difficult to treat. Thus data provided the rationale to explore the DR5-directed therapies in combination with chemotherapy as a therapeutic option to improve the current standard of care for pancreatic cancer patients [75] . A molecular profiling of direct xenograft tumors established from human pancreatic adenocarcinoma. Engraftment of human pancreatic tumors into immunodeficient mice prior to and following neoadjuvant therapy was demonstrated by Kim et al., which provided an in vivo platform for comparison of global gene expression patterns [76] . Recently, a prospective and randomized testing was reported in a set of almost 200 subcutaneous and orthotopic implanted whole-tissue primary human tumor xenografts in pancreatic ductal adenocarcinoma [77] . The most pronounced therapeutic effects were observed in gemcitabine-resistant patient-derived tumors. Intriguingly, the proposed triple therapy approach could be further enhanced by using a PEGylated formulation of gemcitabine, which significantly increased its bioavailability and tissue penetration, resulting in a further improved overall outcome. The study demonstrated that a multimodal (combining chemotherapy, hedgehog pathway inhibition, and mTOR inhibition) treatment can eliminate cancer stem cells and leads to long-term survival in primary human pancreatic cancer tissue xenografts. PDXs as a tool for cancer stem cell studies have been well developed for pancreatic cancer. A direct pancreatic cancer xenograft model has been used as a plat-form for cancer stem cell therapeutic development and to bridge the enormous gap between the anti-proliferative and in vivo antitumor efficacy of gemcitabine in cell line-based models and its clinical efficacy [78] . Jimeno et al. demonstrated that the chemotherapeutic treatment of pancreatic PDXs caused an increase of cancer stem cell markers including ALDH and CD24 in the residual tumor population, proving the hypothesis of an obviously enhanced chemo-resistance of the cancer stem cells subpopulation. Combined treatment with gemcitabine and cyclopamine induced tumor regression and decrease in cancer stem cell markers and hedgehog signaling. Hedgehog inhibitors were able to further reduce tumor growth and decreased both static and dynamic markers of cancer stem cell. Their study proved that direct tumor xenografts are a valid platform to test multi-compartment therapeutic approaches in pancreatic cancer. Similar effects were reported with PDXs derived from other cancertypes, including colorectal cancer [79] .
Limitations of PDX Model
Like any other model system, PDX has limitations. The pros and cons of the PDX model have been schematically presented in Figure 2 . First, PDX "do not" and "cannot" represent human immune response neither from the tumor side nor from the host side. The researcher and physicians scientists will have to either use a next generation sophistication to extrapolate/simulate the immune component or they have to rationally couple the inference drawn from the cancer immunologists in circumventing this built-in limitation of the model. Second, the establishment of PDX is neither cost effective nor human resource friendly. The burden of cost, infrastructure and trained human resource is certainly a primary hold back factor in the development, growth and the future evolution of PDX model. However, considering 1) the limitations of different existing models (Figure 3) , 2) the unmet need to treatment different challenging aspects of cancer including metastasis, stem cell involvement, tumor dormancy and drug resistance, PDX model remains our best hope in the preclinical translational research.
PDX Is Here to Stay: Future Perspectives
PDX has a promise to fulfill the primary goal of cancer biologists to better understand tumorigenesis and cancer progression over time which is the most formidable challenge in cancer research [5] . PDX provides, more realistic, gemonically stable, hispopathologically faithfull platform of study than any other animal model of cancer with a unique flexilibily for drug testing for various purposes, 1) tumor shrinkage, 2) development of drug resistance 3) metastasis and stem cell studies (Figure 4) . The preclinical setting in which PDXs can be relevant is represented by the evaluation of the potential of new drugs in cancer treatment as PDX faithfully represents the heterogeneity of a cancer type as well as representing their various subcategories on one hand and provides consistent genomic landscape on the other hand. For the same reason the PDX model represents an improved model to study the evolution of a tumor and development of drug resistance. The uniqueness of the PDX is its capability to retain the genetic stability of the tumor as well as capability to evolve in the experimental settings as closely as the tumor evolves and respond/resists to drugs 
Conclusion
Mouse models are invaluable tools for preclinical evaluation of new therapeutic strategies in cancer. The enormous burden of cost and a high failure rate of cancer drug development frankly highlight the need for new preclinical strategies and resources. PDX models from patient-derived tumor tissue at low passage have proven to conserve original tumor characteristics such as heterogeneous histopathology, clinical bio-molecular signature, malignant phenotypes and genotypes, tumor architecture, gene expression profiles and tumor vasculature. Based on this hypothesis, primary tumor xenografts have shown to provide relevant predictive insights into clinical outcomes when evaluating the worth of new cancer therapies.
Acknowledgements
Authors acknowledge Edith Sanford Breast Cancer Research, Sanford Research, Sioux Falls, SD.
Review Criteria
The information for this review is compiled in part by searching the PubMed database for full length research articles and review articles those were published before October, 1 st 2013. Electronic early-release publications listed in these databases are also included. Only articles published in English are considered. The search terms used included "patient derived xenograft" and "PDX model" in association with the following search terms: "Breast cancer", "Colorectal cancer", "Lung cancer", "GBM", "Tumor growth", "Hepatocellular carcinoma", "Melanoma" "Pancreatic Cancer", "Prostrate Cancer", "Angiogenesis", and "Therapeutics".
